The Royal College of Surgeons (RCS) dystrophic rat is an established model for retinal degeneration due to retinal pigment epithelium dysfunction. In the present study anastomoses from retinal neovascularizations towards venules of the choroid could be demonstrated by scanning electron-and light microscopy. They develop some time after retinal degeneration showing most contacts at 6 months of age. As a self-limiting process, the number decreased in older animals.
Introduction
The pathogenesis of chorioretinal anastomoses is described as a choroidal neovascularization towards the retina followed by the development of an anastomosing retinal vessel [1] . This happens in most sub-types of age-related macular degeneration [2] [3] [4] [5] [6] . Some single reports describe this pathology after toxoplasmosis and histoplasmosis infection [7, 8] , trauma [9] , and radiatory and photodynamic therapy [10, 11] . The effect is also used for the therapy of chronic central vein occlusion [12] .
Retinochoroidal anastomoses, in contrast, are thought to primarily start with proliferation of retinal vessels. This is hypothesized for a different sub-type of macular degeneration named retinal angiomatous proliferation. A number of animal models exist where retinal vessels start to proliferate and form subretinal neovascular ravels. Only rarely a connection to the choroid vasculature is mentioned, e.g. in the VLDLR knockout mouse [13, 14] . It is unknown, how these contacts can occur.
In Royal College of Surgeon (RCS) rats with inherited retinal degeneration proliferation of retinal vessels into the retinal pigmented epithelium (RPE) is a well-known phenomenon. After contact with the RPE the retinal capillaries become fenestrated [15, 16] , show increased permeability for horseradish peroxydase [17, 18] and increase in carbonic anhydrase activity [19] . In the process of retinal degeneration, the morphology of the retinal capillary network changes considerably. The number of capillaries in the usually vascularised layers of the retina decreases showing narrowed diameters of the capillaries [20] . On the other hand, capillaries in contact with the RPE sprout so that the total capillary length increases [21, 22] . According to El Hifnawi sprouting is not refined to the retina but takes also place towards the choroid forming anastomoses between retinal and choroidal vessels [23] . Other authors, however, denied the development of real shunts between the two vascular systems in RCS rats [24] [25] [26] . In the current study the retinal vasculature of RCS rats was investigated using scanning electron microscopy of corrosion cast preparations, light microscopy and transmission electron microscopy to study the following questions: a) do retinochoroidal anastomoses occur in dystrophic RCS rats? b) Is there a specific localization of these anastomoses? c) Does the tissue around these anastomoses show any specific characteristics?
Material and methods
All animals used in this study were treated in accordance with the ARVO statement for the Use of Animals in Ophthalmic and Vision Research.
Scanning electron microscopy
For scanning electron microscopy eleven adult pink-eyed retinal dystrophic RCS rats (3, 3, 3, 6, 6, 6, 12, 12, 21, 23 , 28 months of age) and seven age matched pink-eyed RCS-rdy+congenic controls (3, 7, 7, 12, 24, 24 , 26 months of age) were used. After deep thiopental anesthesia, the animals were transcardially perfused with Expafusin (Ringer), containing heparin to prevent clotting. The descending Aorta was then clamped and the vessels transcardially perfused with liquid plastic, containing Araldite CY 223 (50%), hardener HY 2267 (30%) and acetone (20%). After hardening for 12h in situ the eyes were enucleated, incised nasally and macerated in concentrated KOH for about three weeks, the solution being changed daily. Any concrements were removed with 5% HCl, the specimen then rinsed out with distilled water and dried. Fixed on a holder they were sputtered with gold and studied with a scanning electron microscope (Stereoscan 90, Cambridge).
Light and transmission electron microscopy
For light and transmission electron microscopy 7 pink-eyed retinal dystrophic RCS rats (3, 6, 6, 6, 10, 12, 24 months of age) and 5 age matched pink-eyed RCS-rdy+congenic controls (3, 6, 7, 13, 22 months of age) were used. Under deep thiopental anesthesia the animals were transcardially perfused with heparinised Expafusin and then with 4% neutral buffered formalin. After enucleation the eyes were brought in Ito's solution (2.5% glutaraldehyde, 2.5% paraformaldehyde, 0.1% picric acid in cacodylate buffer, pH 7.4) and fixed for at least 12 hours. Tissue samples were post-fixed in 1% osmium tetroxide, dehydrated in alcohol and embedded in Epon. 1µm-thick serial sections were stained with toluidin blue. Ultra-thin sections were post stained with uranyl acetate and lead citrate, and then examined on a Zeiss EM 109 electron microscope.
Results

Scanning electron microscopy
RCS-rdy+ congenic controls revealed a dense and regular network of retinal vessels at all age points investigated. Neither neovascularization nor retinochoroidal anastomoses could be detected. The choriocapillaris formed a defined layer of confluent capillary lobules showing thicker diameters than the retinal capillaries.
In dystrophic RCS rats the total number of retinal vessels as well as the figuration of the capillaries showed age-related changes: in animals 3 months of age the capillaries formed a dense and regular network ( Figure 1A ). At 6 months of age there was still a dense layer of retinal vessels, showing however more vessels located directly on the choriocapillary layer and forming loops ( Figure 1B ) or even larger conglomerates ( Figure 1C ). In eyes of rats 12 months of age and older vessel free areas were next to areas with large conglomerates of capillaries ( Figure 1D ). At no time point, proliferative changes could be detected in the choriocapillary layer. Its reaction to loss of RPE was purely dystrophic as described already previously [30] .
At places, retinal vessels (continuous with the remaining retinal capillary bed) with diameters around 7-9 µm showed clear penetration through the choriocapillary layer into the choroid (Figure 2 ). These contacts could be found in all of the dystrophic eyes. In 3 months old animals there were only 2-3 of these contacts in the whole retina. Most of these penetrations were found in the eyes of 6 months old animals. Next to true identifiable penetrations there were always some indifferent contacts and loops, which seem to penetrate the choriocapillary layer without forming choroidal anastomoses. The total number of true anastomoses differed between 19 and 40 in each eye, showing a slight pronunciation in the upper quadrants (Table 1 ). In the old animals (12 months of age and older) the number of penetrating vessels was highly reduced to 3-6 in different quadrants of each eye.
Light and transmission electron microscopy
Serial semi thin sections of dystrophic RCS rat posterior eye segments revealed that all retinal neovascularizations were in close contact to the RPE with no exception (Figure 3) . Areas with complete loss of RPE revealed retinal vasculature atrophy and no vessels were even close to Bruch's membrane. The underlying choriocapillaris in these regions was degenerated, too.
If conglomerates of capillaries were studied within the RPE layer, the endothelium always showed fenestrations. Sections of single vessels, in contrast, also showed preserved non-fenestrated endothelium ( Figure 4A ). At places, remnants of former retinal vessels named 'ghost vessels' were seen within the RPE ( Figure 4B ).
Series of several hundred consecutive semi thin sections of 6 months old dystrophic RCS rat eyes failed to demonstrate a clear penetrating vessel from the retina towards the choroidal stroma. At rare places Bruch's membrane showed a clear interruption different of those artificial ones near the cutting edges. The interruption occurred in regions with retina neovascularization ( Figure 5 ) the stroma of the underlying choroid was loosened. At other places within the choroid, 
Discussion
In contrast to El Hifnawi, who suggested anastomoses between the retina and the choriocapillaris, we could demonstrate clear connections between newly formed retinal vessels located in the RPE layer and larger choroidal venules in corrosion cast preparations [23] . The retinal vessels penetrated the choriocapillary layer without forming contact to the choriocapillaris itself. A similar description exists for a laser-treated rat model [27] with the difference that in dystrophic RCS rats theses contacts developed naturally without iatrogenic manipulation. In the most recent functional study on RCS rat retinal vessels using high resolution fluorescein imaging, only the leakages due to endothelial fenestration were described [28] . Anastomoses were probably not taken into account.
Although Figure 3 might share simmilarities to sections of choroidal neovascularizations, scanning electron micrographs of corrosion casts clearly show that the vascular conglomerates within the RPE cells (so called 'RPE-neovascularizations') are continuous with the retinal vascular bed and never show a capillary sprouting from the choriocapillaris. Therefore, neovascularization from the choroid can definitely be ruled out in this animal model. Moreover, at numerous places vascular conglomerates from the retinal capillary bed were seen without contacting vessels to the choroid. The underlying choriocapillaris was both completely normal in scanning microscopy of corrosion casts and in light and transmission electron microscopy.
Interestingly, the highest number of these contacts was found in 6 months old animals, while after one year of age the number of anastomoses was clearly reduced. Therefore, the formation of these contacts is time-sensitive and self limited. So far there is no hint from the literature to why this peak in adult rats might occur. Unfortunately, angiogenic factors like VEGF, Ang-2 and SRIF were studied only in young RCS rats up to 6 weeks of age [29] . While remnants of former vessels exist in the retina and RPE as 'ghost vessels' [16, 23, 25, 26] , no such vessels were found in the choroid or next to Bruch's membrane. Thus, a different remodeling of the tissue seems to take place in collagenous tissue with complete removal of vascular remnants. This holds also true for the atrophy of the choriocapillaris in old RCS rats [30] . To further understand the pathophysiological event of the formation of true retinochoroidal anastomoses, a closer look at the morphology revealed some important aspects.
For one it is necessary, that RPE cells and the choriocapillaris are still present. Neovascularization was never present in areas of complete RPE absence. On the other hand, anastomoses derived exclusively from neovascular vessels located directly above the choriocapillaris. Therefore, the idea of metabolic or oxygen needs from the vasculature as a trigger event can be ruled out. Hypoxia might only count for inner retinal neovascularization [31, 32] .
Which cells guide Bruch's membrane disruption? Apparent inflammatory cells were not present at the time points studied. Factors from the choroid can do [33] , but in this specific situation the interaction is by far unclear. Again, the RPE might play some role but there is no further evidence in the literature. Interestingly, the underlying choroid showed clear changes in the region of Bruch's membrane disruption. The disruption, a rare and temporary event, seems to be necessary for retinal vessels to sprout into the choroid. There, the vessels are no longer surrounded by RPE cells but contact nearby venules. This is another unexplained striking event: there is no data on RPE cells growing into the choroid even after Bruch's membrane disruption other than carcinoma cells [34] . Which factors guide the capillaries away from the RPE cells towards the choroidal venules?
Further research can address the above raised questions and might be able to more precisely describe the underlying pathomechanisms.
